The distribution patterns of the three Saccharomyces species, Saccharomyces paradoxus, S. uvarum and S. cerevisiae, were investigated by a culture-dependent approach in order to understand better how these species propagate in the cultural landscape of Germany. Saccharomyces paradoxus, the closest relative of S. cerevisiae, is shown to be a true woodland species. It was frequently found in the soil under conifers indicating that S. paradoxus is an autochthonous member of the microbial community in this habitat. Physiological characteristics of the species like the Crabtree effect and high tolerance against ethanol suggest that the species is adapted to regular supply with considerable amounts of sugars. Additionally, a high proportion of the S. paradoxus strains isolated in this study are shown to have the rare ability to ferment melezitose. For these reasons, it is hypothesized that S. paradoxus may be closely associated with the honeydew system in forests. Saccharomyces cerevisiae was rare in most habitats and only exceeded the frequency of S. paradoxus in habitats characterized by modern agricultural mass production of fruit. Both the landscape structure and the agricultural system heavily influence the frequencies of Saccharomyces species.
INTRODUCTION
In spite of the great demand for a better understanding of the ecology of Saccharomyces species, their basic biology is still poorly understood (Greig 2007; Boynton and Greig 2014; Liti 2015) . A better understanding of the life history of Saccharomyces could reveal the selective forces that have formed the species. Answering basic questions on the ecology of Saccharomyces could improve the utility of Saccharomyces cerevisiae as a model organism and permit the use of the genus Saccharomyces as a model ecological and evolutionary system (Boynton and Greig 2014) .
In the past, S. cerevisiae and its sibling species S. paradoxus have often been found in similar microhabitats in nature.
Frequently they have been isolated from the bark, leaves, exudates and surrounding soil of oaks and some other broad-leafed trees (Batschinskaya 1914; Yoneyama 1957; Kudrjawzew 1960; Kodama 1974; Martini 1989; Naumov, Naumova and Sniegowski 1998; Sniegowski, Dombrowski and Fingerman 2002; Johnson et al. 2004; Sweeney, Kuehne and Sniegowski 2004; Koufopanou et al. 2006; Glushakova et al. 2007; Sampaio and Gonçalves 2008; Charron et al. 2014) . Oaks are therefore widely regarded as their main habitat (Replansky et al. 2008; Sampaio and Gonçalves 2008; Boynton and Greig 2014; Kowallik and Greig 2016) .
Most yeast species need simple sugars, sugar alcohols or other simple molecules as an energy source for proliferation (Lachance and Starmer 1998; Barnett, Payne and Yarrow 2000; Deak 2006) . Saccharomyces cerevisiae and S. paradoxus are Crabtree positive (Hagman et al. 2013) , which can be interpreted as an adaptation to sugar-rich environments (Piškur et al.2006) . Thus, it is not surprising that S. cerevisiae and S. paradoxus can be isolated from tree phloem sap exudates (Yoneyama 1957; Kudrjawzew 1960; Kodama 1974; Martini 1989; Naumov, Naumova and Sniegowski 1998; Sniegowski, Dombrowski and Fingerman 2002) . Phloem sap usually consists of 10%-25% sugar, mainly sucrose (Zimmermann 1957) . During humid or rainy weather, the phloem sap will be diluted as soon as it leaves the sieve tubes whereas it will be concentrated by water evaporation during dry weather. However, at least temporarily the sugar concentration will be high enough to trigger the Crabtree effect. It remains unclear why S. paradoxus frequently occurs on sound bark without injuries (Johnson et al. 2004; Sampaio and Gonçalves 2008; Zhang et al. 2010; Kowallik, Miller and Greig 2015) or in the soil surrounding the trees (Sniegowski, Dombrowski and Fingerman 2002; Kowallik and Greig 2016) which are both poor in carbohydrates easily accessible for yeasts (Botha 2006; Sampaio and Gonçalves 2008) . Saccharomyces species could simply be contaminants in the soil or on the bark from sugar-rich environments such as slime fluxes, high sugar galls (Boynton and Greig 2014) or fruits. Thus, Saccharomyces would be in a dormant state on sound bark or in the soil and both substrates would not be a place for proliferation. Hence, the question remains open whether the yeasts are active or dormant on the bark (Boynton and Greig 2014) and in the soil.
Saccharomyces cerevisiae and S. paradoxus have been recovered from various other substrates such as different kind of fruits (Batschinskaya 1914; Kudrjawzew 1960; Redžepović et al. 2002; Deak 2008; Barata, Malfeito-Ferreira and Loureiro 2012; Sipiczki 2016) , various insects, including Drosophila spp., (Shehata, Mrak and Phaff 1955; Phaff et al. 1956; Heed et al. 1976; Phaff, Miller and Mrak 1978; Phaff and Starmer 1980; Lachance, Gilbert and Starmer 1995; Naumov, Naumova and Sancho 1996; Coluccio et al. 2008; Louis 2011) , warm blooded animals, clinical sources (Fay and Benavides 2005; Muller et al. 2011) , decaying plant material, mushrooms and different kind of soils (Mrak and Phaff 1948; Capriotti 1955; Jensen 1967; Naumov 1980 Naumov , 1986 Naumov, Naumova and Korhola 1992; Naumov, Naumova and Louis 1995) .
Transiently the frequent occurrence of S. cerevisiae in manmade fermentations combined with low incidence of the species in nature has led to the assumption that S. cerevisiae is a domesticated species that occasionally escapes from wine cellars or breweries (Martini 1993; Vaughan-Martini and Martini 1995) . Meanwhile sound data exist that rule out this hypothesis (Naumov and Naumova 1991; Naumov, Naumova and Sniegowski 1998; Sweeney, Kuehne and Sniegowski 2004; Fay and Benavides 2005; Sampaio and Gonçalves 2008) .
Saccharomyces uvarum has mainly been found in habitats associated with the production of alcoholic beverages (Naumov, Naumova and Gaillardin 1993; Torriani, Zapparoli and Suzzi 1999; Naumov et al. , 2002 González et al. 2006; Almeida et al. 2014) . Occasionally, the species was recovered from other substrates such as mushrooms (Naumov, Naumova and Korhola 1992) , insects (Naumov, Naumova and Sancho 1996; Naumova et al. 2005; Ivannikova, Naumova and Naumov 2006) and various fruits (Naumova et al. 2005) . More recently, it was demonstrated that S. uvarum is associated with Nothophagus sp. (Libkind et al. 2011; Almeida et al. 2014; Gayevskiy and Goddard 2016) in the southern hemisphere and with oaks and other deciduous trees in the northern hemisphere (Bing et al. 2014; Pérez-Través et al. 2014 ).
In the course of an extensive collection intended for a population genetic study of S. paradoxus, we realized obvious and unexpected hitherto undescribed distribution patterns of S. paradoxus and S. cerevisiae inside and outside forests in connection with different agricultural systems and landscape types. In order to verify those preliminary results, we enlarged the number of samples considerably. During two consecutive years, more than 400 field samples originating from three sample areas in three different regions of Germany were investigated. The aim of the current study was to investigate the influence of landscape structure and landscape use on the distribution patterns of Saccharomyces species in selected habitats. Based on these data and on the results of a physiological test, we hypothesize that the honeydew system in forests could play an important role in the propagation of S. paradoxus.
METHODS

Sampling areas
The three sampling areas were in the regions of the Upper Mosel, Rheinhessen and Württemberg.
Kirbach valley (Württemberg region)
The landscape is characterized by vast woods (∼18 × 9 km) on the heights surrounding the Kirbach Valley, vineyards on the southward slopes of these heights, fields, meadows and traditional orchards, hedgerows and creeks surrounded by trees and bushes. Thus, the landscape is highly structured so that the different structural elements like woods and orchards are always within a distance of few hundred meters (Fig. 1) . In the orchards, traditional high grown fruit-bearing trees are cultivated. These trees are not densely planted. Below and between the trees species-rich meadows exist that are used to graze sheep and cows or for the production of hay ( Fig. 2A) .
Ober-Olmer Forest (Rheinhessen region)
The Ober-Olmer Forest is a small forest relict (∼2 × 2 km) in the middle of an intensively used agricultural landscape. In direct vicinity of the forest are vast plantings of fruit-bearing trees such as cherry, plum, apple or pear trees, as well as vineyards. The modern orchards consist of intensively pruned trees with very low trunks. Under the trees hardly any vegetation exists. Between the tree rows exists a regularly mowed lawn (Fig. 2B) . Between the vineyards and the orchards are fields with hardly any vegetation besides the crop plants, which include grain, sugar beets, asparagus and rape seed. Outside the forest the landscape is poor in any structures such as hedgerows, groves or creeks (Fig. 3) .
Ruwer Valley and surrounding woods (Upper Mosel region)
The landscape structure in and surrounding the Ruwer Valley is similar to that of the Kirbach Valley sampling area. Woods, vineyards, traditional orchards, meadows and fields form a highly structured, traditional landscape.
Sampling
All samples were taken from the end of October until the end of March in two consecutive years. Samples were not taken randomly but from material suspected to harbor Saccharomyces populations. We specifically selected trees that had slime fluxes ( Fig. 4A-D) , small injuries (Fig. 4E ) or conspicuous black spots on the bark (Fig. 4F) . In case of conifers, soil samples were taken within a radius of 3 m around the trunk where the ground was covered by needles. Soil samples were taken from the upper 10 cm of the soil including some litter. The soil sample volume was ca. 30 ml.
We did not include vineyard samples in our study as the wine lees and the pomace of pulp fermentations are used as fertilizers regularly. In our opinion, this input of huge amounts of yeast could bias the results of the study significantly. Instead of vineyards, we focused on fruit-bearing trees which were always present in high numbers in the sampling areas outside the woods. Samples were taken from different fruit-bearing tree species such as apple, pear, plum or cherry trees and consisted of decaying fruits, slime fluxes or soil under the trees.
All samples were stored in the cold and further processed in the lab within 24 h.
Enrichment, isolation and identification of the yeasts
At least a 3-fold sample volume of enrichment medium (8% (v/v) ethanol, 2% (w/v) glucose, 0.5% (w/v) peptone, 0.5% (w/v) yeast extract, 0.1% (w/v) chloramphenicol) was added to the samples in order to ensure stringent conditions during incubation. Before incubation at 23
• C, the tubes were closed tightly. The samples were checked for gas formation indicative for fermentation every day up to 4 weeks. When gas formation had reached a maximum, 2 μl of the liquid was spread on the medium described above supplemented with 2% (w/v) agar. The plates were incubated at 23
• C for 1 week. Of each colony type found on the solid medium, a culture was identified by sequence analysis of the D1/D2 domain of the large subunit rRNA gene as described before (Brysch-Herzberg and Seidel 2015) . Sequence analysis of the D1/D2 domain is suitable for designating strains to species in the Saccharomyces sensu stricto group although recent results, published after the current study was conducted, show that the NTS2 (rDNA) region is better suited to separate the closely related species Saccharomyces uvarum and S. eubayanus. In contrast, rDNA-based identification is not helpful for the identification of hybrids of those species because hybrids were shown to contain the rDNA of only one parent species (Nguyen and Boekhout 2017) . Thus, hybrids may be overlooked in case strains are assigned to species by means of sequence analysis of the D1/D2 domain. The frequency of the three Saccharomyces species S. paradoxus, S. cerevisiae and S. uvarum was compared for the different sampling areas, habitats and different substrates.
Physiological test
The ability to ferment melezitose was tested in Durham tubes for a subset of strains following the standard procedure as described by Kurtzman, Fell and Boekhout (2011) .
RESULTS
In the Kirbach Valley sampling area, 218 samples were taken, in the Ober-Olmer Forest area 122 and in the Ruwer Valley area 83. In total, 423 samples were examined. The number of samples taken from different substrates is given in Table 1 . Of these, a total of 338 (80%) underwent a fermentation. Saccharomyces paradoxus was recovered from 195 samples (46%), S. cerevisiae from 54 samples (13%) and S. uvarum from 10 samples (2%). Thus, Saccharomyces species were detected in 259 samples (61%). The rest of the fermenting samples contained yeasts belonging to the genera Torulaspora, Lachancea, Kluyveromyces, Citeromyces, Wickerhamomyces, Komagataella or Schizosaccharomyces amongst others.
The frequencies of the Saccharomyces species inside and outside the woods are given separately for the three sampling areas in Fig. 5 . Saccharomyces paradoxus was more frequent inside the woods than outside the woods in all three sampling areas. The frequency of S. cerevisiae is equally low inside and outside the woods in the Kirbach Valley and Ruwer Valley sampling areas. In contrast, in the Ober-Olmer Forest sampling area, S. cerevisiae was much more frequent outside the woods than inside. Figure 3. Distribution of structural elements of the landscape and of the Saccharomyces species in the Ober-Olmer Forest sampling area. Red squares = location of S. paradoxus; yellow squares = location of S. cerevisiae; blue squares = location of S. uvarum; yellow areas = forest; brown areas = settlement area; orange areas = groves and hedgerows; pink areas = modern orchards; purple areas = vine yards; blue lineages = creeks surrounded by trees and bushes.
Saccharomyces uvarum was found at low frequencies in all three sampling areas.
Cherry trees were the only tree species that likewise grew inside and outside the woods. This allowed a direct comparison of the yeast species frequencies in association with the same tree species inside and outside the woods. As the number of samples taken from cherry trees in the Ruwer Valley and Kirbach Valley sampling areas was relatively low and both areas show very similar structures in terms of forestry and agriculture, the results from the two areas were pooled. The yeast species frequencies in cherry tree samples from inside and outside the woods are given in Table 2 . The frequencies of S. cerevisiae and S. paradoxus in association with different forest tree species are given in Table 3 . In the case of the broad-leafed trees, the samples were taken from slime fluxes and bark exudates caused by small injuries (see Fig. 4 ). In the case of the conifers, which did not show phloem exudates, the samples were exclusively taken from soil under the trees. Saccharomyces uvarum is not included in the table because only five strains of the species were recovered from forest material (three from Quercus robur and two from wild Prunus avium).
As we suspected that one or more of the Saccharomyces species could be associated with honeydew, a subset of yeast strains of each species found in this study was tested for its ability to ferment the trisaccharide melezitose. In the case of S. uvarum, all strains were tested and only one out of 10 showed a positive reaction. For S. cerevisiae and S. paradoxus, 50 and 54 strains were tested, respectively. The majority of the S. cerevisiae strains did not ferment melezitose, whereas most of the S. paradoxus strains exhibited a strong fermentation (Fig. 6) . 
DISCUSSION
Central Europe is a cultural landscape in which only a very few localities have maintained their natural state. Much of the landscape is used intensively by agriculture and forestry. The sharp borders between fields, orchards, meadows, woods and artificial tree plantings are man-made. In the woods, the age structure of the trees and the tree species composition is altered by forestry. Foreign tree species are cultivated (e.g. Pseudotsuga menziesii), some native species are promoted (e.g. Quercus robur) and species typical of particular middle European forest ecosystems are planted almost everywhere (e.g. Larix spec.) (Leuschner and Ellenberg 2010) . In the intensively used landscape, some areas are subject to modern industrial agriculture while others are used in a traditional manner. Thus, the woods and the open parts of the landscape from which we retrieved our samples are heavily influenced by human activity (Küster 2010) . On the other hand, in some regions the wood ecosystems still show characteristics such as an almost natural age structure or a species composition that could be assigned to a rather undisturbed natural vegetation (Leuschner and Ellenberg 2010) . It is therefore not possible to classify these habitats as uncultivated (wild) and cultivated or as natural and artificial. The scope of the current study was to investigate the distribution of Saccharomyces species in the cultural landscape of Central Europe and to understand further how these yeast species propagate in selected ecosystems. n = total number of samples Figure 6 . Ability of S. paradoxus, S. cerevisiae and S. uvarum strains 1 to ferment melezitose. + strong; d+ delayed and strong; w weak; dw delayed and week;-negative.
Saccharomyces paradoxus
In good agreement with many authors (Batschinskaya 1914; Yoneyama 1957; Kudrjawzew 1960; Kodama 1974; Naumov, Naumova and Sniegowski 1998; Sniegowski, Dombrowski and Fingerman 2002; Boynton and Greig 2014) , we found a strong association between Quercus sp. (here Q. robur) and S. paradoxus. The success rate of 85% for the isolation of S. paradoxus from Q. robur in our study is much higher than the previously reported success rates, which range from 8% to 33% (Sniegowski, Dombrowski and Fingerman 2002; Johnson et al. 2004; Sampaio and Gonçalves 2008) . This is most likely due to the fact that we exclusively took samples from material with a high potential to harbor Saccharomyces species such as persisting exudates or small lesions of the bark (see Fig. 4 ) whereas in other studies intact, sound bark was frequently tested (Johnson et al. 2004; Sampaio and Gonçalves 2008; Greig 2016, Robinson, Pinharanda and Bensasson 2016) . Many of these lesions were obviously caused by heavy machines used for forestry which suggests that S. paradoxus is supported by modern forestry. On the other hand, the foresters harvest trees that show persisting slime fluxes (Fig. 4A-D) as soon as possible before fungal infection leads to decay of the whole trunk, which lowers the number of permanent habitats for S. paradoxus. Thus, it is not possible to judge if modern forestry increases or diminishes the populations of S. paradoxus. We have shown that S. paradoxus is likewise associated with exudates of the European beech (Fagus sylvatica) and with the gum-like exudates of wild cherry trees (Prunus avium), although these exudates differ considerably in genesis, structure and composition from those of pedunculate oak (Q. robur) (Sieber, Kowalski and Holdenrieder 1995; Denman et al. 2014) (Fig. 4) .
In the past, S. paradoxus has been recovered from many tree species such as Pinus densiflora and P. thunbergii in Japan (Yoneyama 1957) , Ulmus caprinifolia in California (Phaff, Yoneyama and Carmo-Sousa 1964) , Castanea sativa in Portugal (Sampaio and Gonçalves 2008) , Populus spec. in Russia (Naumova, Naumov and Molina 2000) or Pr. virginiana and Malus pumila in Ontario, Canada (Naumov, Naumova and Sancho 1996) and F. sylvatica in Germany and Portugal (Sampaio and Gonçalves 2008) . Kodama (1974) isolated numerous Saccharomyces strains, most of which were identified as S. paradoxus, from a broad spectrum of tree species. Without any enrichment step, Glushakova et al. (2007) isolated S. paradoxus from a broad spectrum of deciduous trees, conifers and herbaceous plants by means of washing plant material and direct plating of the resulting suspension. Kowallik and Greig (2016) found S. paradoxus with a high frequency (88%) in the litter under native Central European oak species (Q. robur and/or Q. petraea) but showed convincingly that S. paradoxus can be found in the litter under other tree species including conifers in considerable frequencies ranging from 70% to 33%. Similarly, a close association of S. paradoxus and species of the genus Quercus was found by Sylvester, Wang and James (2015) . They occasionally isolated the yeast from Betula spp. and from F. grandiflora too. Sampaio and Gonçalves (2008) reported highly divergent frequencies of Saccharomyces spp. on different oak species. On some oak species such as Q. rubra and Q. suber, they did not detect Saccharomyces spp. at all. Their findings underline that a general connection between the genus Quercus and certain Saccharomyces species, as it is often postulated, should be treated with caution. It goes without saying that ecological interactions primarily take place on a species and not on a higher taxa level. As we found S. paradoxus with comparable frequencies in association Q. robur, F. sylvatica and Pr. avium and because of the frequent isolation of the yeast from other tree and herbaceous plant species described in the literature, we conclude that certain oak species support the proliferation of S. paradoxus well but that S. paradoxus is able to proliferate successfully in association with many tree species from different genera. This view is supported by the findings of Sampaio and Gonçalves (2008) , who reported that S. paradoxus and S. cerevisiae were less specific for certain tree species than S. kudriavzevii and S. uvarum. The often mentioned opinion that S. paradoxus is specifically associated with the genus Quercus may in fact be due to the wide distribution of the genus in the northern hemisphere rather than its specific physiological or morphological characteristics.
The fact that S. cerevisiae and S. paradoxus are only frequently isolated from tree bark or sap fluxes by means of enrichment techniques suggests that the species is only present on the substrate with a very low abundance. Kowallik, Miller and Greig (2015) investigated the density of S. paradoxus on oaks in Germany by molecular genetic methods and culture based by classic enrichment. They could show that S. paradoxus is very rare on sound oak bark and estimated its density below two cells per square centimeter (Sylvester, Wang and James 2015) . Such low cell densities and the relatively low frequencies with which S. paradoxus is found on sound bark indicates that sound bark is not the main substrate for the species proliferation. Kowallik and Greig (2016) could show that S. paradoxus is much more frequent in the litter under oaks than on their bark. They report high frequencies under oaks (88%), larch (70%), beech (45%) and spruce (33%). Similar findings were made by Sylvester, Wang and James (2015) , who isolated S. paradoxus much more frequently from soil than from other substrates such as bark, leaves or mushrooms. Comparable to the results of Kowallik and Greig (2016) , we detected S. paradoxus in 50% of 107 soil samples collected under different conifers. We conclude that beside phloem sap exudates of deciduous trees, the soil under conifers is another typical substrate in which the species occurs. We believe that the high frequency of S. paradoxus in the soil samples can only be explained by a regular significant supply of simple sugars as soil is generally poor in such nutrients (Botha 2006) . In all three sample areas, the conifers did not show any signs of phloem exudates that could have served as a sugar source for yeasts in the associated soils.
A regular input of huge amounts of sugars is provided by aphid honeydew production. Kloft et al. (1985) estimated that on average 7300 l/ha/a honeydew were produced in a central European spruce (Picea abies) forest. In the case of a mass infestation of aphids in a P. sylvestris/Q. robur forest, a honeydew volume of 10 000 l/ha/a was estimated (Eckloff 1972) . It has been reported that in such situations concave bark pieces and dried leafs on the ground may be filled with honeydew. Additionally, during dry and warm weather the crystallized honeydew can cover twigs and needles of conifers and litter on the ground (Kloft et al. 1985) . Although the amounts of honeydew produced by aphids in the forest reported in the literature differ considerably, there can be no doubt that in some years after dry periods the rain washes huge amounts of sugar into the upper layers of the soil. In the same manner, the bark of the trees is supplied with sugar. It should be mentioned that honeydew production is not restricted to conifers but also occurs on the frequent broad-leaved forest trees F. sylvatica and Q. robur (Kloft et al. 1985) . Hence, honeydew could be an important factor for the proliferation of yeasts often found in association with these tree species.
Aerobic fermentation of sugar (Crabtree effect) may provide a competitive advantage because even relatively low amounts of ethanol produced during fermentation could suppress bacteria, molds and susceptible yeast (Piškur et al. 2006) . Strains of S. paradoxus are able to produce 13%-14% (v/v) ethanol in micro wine fermentations in the laboratory under semianaerobic conditions (Brysch-Herzberg and Seidel unpublished data). Similar values for ethanol production during wine making have been reported by Orlic et al. (2007) . Vaughan -Martini and Martini (2011) list S. paradoxus among the yeast species with the highest alcohol tolerance. Obviously, high tolerance against ethanol combined with the Crabtree effect can lead to a competitive advantage if yeast species regularly grow in high sugar substrates that allow considerable ethanol production. We believe that on sound bark or in forest soil honeydew sugars could temporarily serve S. paradoxus as such a high sugar substrate.
This view is supported by the results of the fermentation test with melezitose. Melezitose is rare in nature (Bacon and Dickinson 1957) . Some aphids produce honeydew with an average melezitose content of 60% (Liebig, Merck and Held 1999) . The melezitose content in the honeydew produced by different aphid species residing on different tree species in Central Europe in most cases ranges from 10% to 60% (Kloft et al. 1985) . The ability to ferment melezitose is a rather rare feature among yeasts. Barnett, Payne and Yarrow (2000) list 335 (49%) yeast species that are able to ferment glucose but only 41 (12%) which can ferment melezitose to a certain degree. In our own test, almost all S. paradoxus strains were able to ferment melezitose vigorously whereas only a low proportion of the S. cerevisiae and S. uvarum strains showed positive results (Fig. 6) . In most cases, the latter species fermented melezitose with a delay of more than 14 days and produced minimal amounts of gas.
A connection between the frequent occurrence of S. paradoxus in a microhabitat that is regularly supplied with great amounts of melezitose and its rare ability to ferment this sugar effectively seems most likely. Saccharomyces paradoxus seems to be well adapted to the honeydew system in forests. The soil under trees and the bark may both be a reservoir in which S. paradoxus endures unfavorable periods in a dormant state and a substrate in which it proliferates after mass production of honeydew combined with rain. An alternative energy source for Saccharomyces in forest litter has been discussed by Kowallik and Greig (2016) . They speculate that Saccharomyces species profit from digestion of complex polysaccharides by extracellular enzymes excreted by other fungi and bacteria.
Outside the woods in the Ruwer valley and Kirbach valley sampling areas, S. paradoxus was much more frequently isolated than S. cerevisiae (Figs 1 and 5) . Only in the Ober-Olmer Forest sampling area was it the opposite: there, the frequency of S. paradoxus outside the wood was much lower than that of S. cerevisiae. We ascribe this to differences in the landscape structure and the type of agriculture performed.
We assume that S. paradoxus, as a true woodland species, was only frequently present on and under cultivated fruit-bearing trees if the woods are in close proximity, which enabled dispersal of the yeast from slime fluxes of forest trees to decaying fruits in agricultural areas by its known vectors such as Drosophila spp. In the highly structured landscapes of the Ruwer Valley and Kirbach Valley (Fig. 1) , woods or groves were always located within a distance of a few hundred meters and could have served as a permanent reservoir from which S. paradoxus was transferred to fruit-bearing trees outside the woods. The results of Dashko et al. (2016) hint into the same direction. They detected S. paradoxus with similar frequencies on oaks outside and inside vineyards, whereas the frequency of S. paradoxus on vine-related materials was significantly lower. In the sampling area around the OberOlmer Forest, we hardly found S. paradoxus but frequently detected S. cerevisiae. We ascribe this to the landscape type, which is poor in structures such as hedgerows or groves (Fig. 3) .
Saccharomyces cerevisiae
Compared to S. paradoxus, S. cerevisiae was rare in the woods for all three sampling areas. It was found in 7% of the soil samples taken under conifers and in 6% of the samples taken from broad-leafed trees. Since we detected S. cerevisiae in only 5% of samples from Q. robur, we cannot confirm the often-mentioned statement that S. cerevisiae is specifically associated with oaks at least for the areas we investigated. Low incidences of S. cerevisiae in forest material have been reported previously (Sniegowski, Dombrowski and Fingerman 2002; Johnson et al. 2004; Sampaio and Gonçalves 2008; Zhang et al. 2010; Hyma and Fay 2013) . As the frequency of S. cerevisiae inside the woods was much lower than that of S. paradoxus, and given that we have shown the ability of S. cerevisiae to ferment melezitose to be limited, we conclude that S. cerevisiae is not well adapted to the honeydew system, as it seems to be the case with S. paradoxus. We conclude that S. cerevisiae is not a typical species in the woods in Germany. Wang et al. (2012) describe an ubiquitous distribution of the species in China. Goddard and Greig (2015) challenge an adaptation of S. cerevisiae to fruit and propose that it is a yeast species with no specific niche. Our results point into another direction. Outside the woods, S. cerevisiae showed similarly low frequencies in the Ruwer Valley and Kirbach Valley sampling areas. We found S. cerevisiae with a high frequency outside the Ober-Olmer Forest, whereas it was scarcely found inside the forest (Figs 3 and 5) . Even in association with the same tree species, Pr. avium, the principal results remained the same: S. cerevisiae was by far more frequent in samples from outside than from inside the woods, whereas S. paradoxus behaved the other way around (Table 2) .
We believe that the high frequency of S. cerevisiae outside the woods is due to the mass production of fruits in this area. Depending on market demand, only parts of these fruits are harvested and the rest decays on the trees and on the ground. Fruits attract insect vectors such as Drosophila spp. or Vespula spp. that carry S. cerevisiae (Shehata, Mrak and Phaff 1955; Phaff et al. 1956; Lachance, Gilbert and Starmer 1995; Stefanini et al. 2012) . The proliferation of S. cerevisiae on the decaying fruits may lead to its prevalence in the modern orchards even at the end of the cold season when the samples were taken for the current investigation. Although sound data exist that S. cerevisiae exists as a wild yeast species (Naumov, Naumova and Sniegowski 1998; Sweeney, Kuehne and Sniegowski 2004; Fay and Benavides 2005; Sampaio and Gonçalves 2008) , our data suggest that S. cerevisiae is somehow adapted to fruits as it can profit from intensive agricultural fruit production to a high degree whereas S. paradoxus does not.
In the past, the relative success with which S. cerevisiae was isolated compared to that of S. paradoxus differs a lot between several studies. In some studies, both species have been isolated in about equal proportions (Sniegowski, Dombrowski and Fingerman 2002; Sampaio and Gonçalves 2008; Hyma and Fay 2013) whereas in other investigations one species was isolated much more frequently or exclusively (Shehata, Mrak and Phaff 1955; Phaff et al. 1956; Kodama 1974; Banno and Mikata 1981; Johnson et al. 2004; Koufopanou et al. 2006; Glushakova et al. 2007; Orlic et al. 2007) .
It was shown that S. cerevisiae is the species with the highest optimal growth temperature within the Saccharomyces sensu stricto group (Sweeney, Kuehne and Sniegowski 2004; Sampaio and Gonçalves 2008; Gonçalves et al. 2011; Salvadó et al. 2011) . Based on these data and on enrichment trials at different incubation temperatures, it was assumed that adaptation to growth at different temperatures could explain the sympatric occurrence of Saccharomyces species in a way that different species occupy different (temperature) niches in the same habitat over daily or seasonal temperature regimes and thus competitive exclusion would be avoided (Sweeney, Kuehne and Sniegowski 2004; Gonçalves et al. 2011; Salvadó et al. 2011) . Because of the different maximum growth temperatures between S. paradoxus and S. cerevisiae and on their distribution patterns, the hypothesis was developed that S. cerevisiae might have its main distribution area in warmer climates whereas S. paradoxus would be rather restricted to temperate and cold climates (Charron et al. 2014; Robinson, Pinharanda and Bensasson 2016) . In contrast to this hypothesis stands the detection of S. cerevisiae in temperate or cold climate countries and regions such as Siberia (Naumov and Naumova 1991) , Denmark (Lund 1954; Jensen 1967; Naumov 1980 Naumov , 1986 , The Netherlands, Finland (Naumov, Naumova and Korhola 1992) , St. Petersburg, Michurinsk, Novosibirsk (Russia) region, Slovakia , Oregon (Hyma and Fay 2013) , British Columbia (Sampaio and Gonçalves 2008) , Michigan (Naumov, Naumova and Sniegowski 1998) , Ontario (Lachance, Gilbert and Starmer 1995) , temperate regions of China (Wang et al. 2012) and Germany (this study). Saccharomyces paradoxus was found at least in subtropical climate of Croatia (Redžepović et al. 2002) , Portugal (Sampaio and Gonçalves, 2008; Robinson, Pinharanda and Bensasson 2016) , Spain Naumova et al. 2000) Greece and southern France (Robinson, Pinharanda and Bensasson 2016) as well as in the tropical climate of Hawaii (Greig and Leu 2009) . From the various detections of S. cerevisiae in temperate and cold climates of the Eurasian and the North American continent, we conclude that S. cerevisiae is not specifically restricted by northern latitude. The numerous detections of S. paradoxus in subtropical climate of Southern Europe and on Hawaii make it unlikely that the species is restricted to temperate or cold climates. These conclusions are in line with the literature assessment of Replansky et al. (2008) , who described S. cerevisiae and S. paradoxus as ubiquitous at the global scale. Temperature may very well play an important role in the ecology of the two species but rather during circadian or annual temperature shifts than in the distribution between different climate zones at least in subtropical to cold regions in Europe. In case of the Ober-Olmer Forest sampling area in this study, we describe an almost alternating distribution of S. cerevisiae and S. paradoxus within a few hundred meters (Fig. 3) . This strongly proposes that other factors beside the climate strongly influence the distribution of the two species.
Saccharomyces uvarum and other Saccharomyces species
In all habitats from various substrates, S. uvarum was isolated at very low frequencies. As we only detected 11 strains, we cannot draw any conclusion about its ecology. In their intensive investigation of Saccharomyces species associated with the bark of different tree species, Sampaio and Gonçalves (2008) isolated numerous S. kudriavzevii strains by means of an enrichment medium containing 8% (v/v) ethanol similar to that used in our study. They used various incubation temperatures and were able to show that the success rate was higher if they used an incubation temperature of 10
• C instead of 30 • C. The authors reported strong growth of S. kudriavzevii in liquid medium at 25
• C. As we used a moderate incubation temperature of 22
• C and isolate a culture of the species by the same technique from a traditional wine cellar in the Ruwer Valley (unpublished data), we do not think that the absence of S. kudriavzevii in our study is a technical artifact. On the other hand, we cannot exclude that S. uvarum and S. kudriavzevii were outcompeted by other yeast species during enrichment. Therefore, additional trials implementing low incubation temperatures during enrichment are needed to investigate the distribution of these species in the temperate climate of Central Europe. We did isolate a culture of the species by the same technique from a traditional wine cellar in the Ruwer Valley (unpublished data). Hence, the species exists in Central Europe but its main natural habitat remains unclear.
CONCLUSIONS
1. Saccharomyces paradoxus was isolated from exudates of several broad-leafed forest tree species with very high frequencies. 2. Saccharomyces paradoxus is typical for the soil under conifers. 3. Honeydew may be an important sugar source for the proliferation of S. paradoxus but not for S. cerevisiae. 4. Landscape structure has a strong impact on the frequency of S. paradoxus.
5.
Saccharomyces cerevisiae was only found with high frequencies in agricultural ecosystems with intensive fruit production.
